In order to check the heterogeneity of the CI chondrites and determine the average composition of this group of meteorites, we analyzed a series of 6 large chips (weighing between 0.6 and 1.2 g) of Orgueil prepared from 5 different stones. In addition, one sample from each of Ivuna and Alais were analyzed. Although the sizes of the chips used in this study were "large", our results show evidence for minor chemical heterogeneity in Orgueil, particularly for alkali elements and U. After removal of one outlier sample, the spread of the results is considerably reduced. For most of the 46 elements analyzed in this study, the average composition calculated for Orgueil is in very good agreement with previous CI estimates. This average, obtained with a "large" mass of samples, is analytically homogeneous and is suitable for normalization purposes.
Introduction
Carbonaceous chondrites are rare types of meteorites that comprise less than 5 % of the meteorite falls. These rocks display a wide range of petrographical, chemical and Oisotopic features, and are classified in 8 main groups (CI, CM, CO, CV, CK, CR, CH and CB) derived from very diverse asteroids. The CI chondrite group is small: it comprises only 5 falls (Alais (6 kg), Ivuna (0.7 kg), Orgueil (14 kg), Revelstoke (1 g), Tonk (10 g)) and possibly a few finds from Antarctica (Yamato (Y) 86029 (11.8 g), Y-86737 (2.81 g), Y-980115 (772 g), 980134 (12.2 g)). Unlike other chondrites, these rocks are essentially devoid of chondrules and other high temperature components. They have undergone the highest degree of aqueous alteration of all the meteorite classes (Scott and Krot, 2007) . Despite the scarcity of such chondrites, they have been the center of a large number of studies. They are generally considered to be among the most primitive rock types in the Solar System from a chemical point of view. Indeed, their bulk compositions are similar to that of the solar photosphere excepted for volatiles such as H, C, N and O. Thus, because they mirror the composition of the Sun, their compositions are widely used to estimate the abundances of almost all the elements in the Solar System (e.g., Cameron, 1982; Anders and Ebihara, 1982; Anders and Grevesse, 1989; Lodders et al., 2009 ).
Over the years, a huge amount of chemical data has been obtained on CI chondrites (e.g., Lodders et al., 2009) . Taken as whole, the results show noticeable spreads for many elements including the refractory ones (i.e., the REEs). Determining an average composition is not straightforward. First, these rocks are extremely rare, and samples from only two of them (i.e., Orgueil and Ivuna) can be usually obtained from institutional collections.
Therefore, the great majority of the chemical and isotopic data available for CI chondrites was obtained from the analysis of Orgueil, the largest one, and to a lesser extent of Ivuna (Lodders, 2003) . Second, chemical analyses have been performed generally on small samples by different analysts, using different analytical procedures, different calibration strategies, different standards, and finally, with different accuracy and analytical precision. Hence, part of the spread of the results is most probably explained by analytical biases or artifacts.
Moreover, some CI-chondrite analyses are based on samples < 100 mg, which Morlok et al. (2006) showed to be mineralogically and chemically heterogeneous. An additional part of the spread of the results could hence be explained by the possible lack of representativeness of these small samples. To overcome these problems, the database for CI chondrites was filtered with the aim of eliminating any anomalous data prior to calculating average compositions (e.g., see Lodders et al. (2009) for the details of the calculations). Although it is widely accepted that the average CI composition is at present reasonably well constrained for most of the elements, adjustments or improvements are possible for some elements.
In this study, we present new major, trace element, and Cu and Zn isotopic compositions obtained on six "large" chips (from 0.6 to 1.2 g each) prepared from five different stones of Orgueil. Our aim was to evaluate the chemical heterogeneity of Orgueil at this scale of sampling. In addition, we analyzed samples of Alais and Ivuna. These data will be used to calculate and discuss an improved average for the chemical composition of CI chondrites.
Samples and Analytical Procedures

Samples
Six chips of Orgueil prepared from five different stones, and one chip of Alais and Ivuna were provided by the Muséum National d'Histoire Naturelle, Paris (Table 1) . CI are extremely friable and most samples are partly or totally disintegrated into chips within the clear polystyrene boxes or glass jars in which they are stored. Fusion-crust free chips of the appropriate sizes were selected under a binocular microscope with the help of plastic tweezers.
Bulk rock compositions
Chips were totally powdered using a boron carbide mortar and pestle. Typically 120 mg of the powder were dissolved in closed screw-top teflon vessels (Savillex) at about 130 °C for three days using 5 ml of concentrated HF, and 2 ml of concentrated HNO 3 . The vessels were then opened. After evaporation to dryness of the acid mixture, approximately 2 ml of HNO 3 was added, and the vessels were capped and placed back on the hot plate and left overnight.
The samples were then dried again, and taken up in about 20 g of 6 M HCl ("mother solutions"). No residual grains were observed in the mother solutions excepted in a couple of Orgueil solutions which contained some "fine black dust" (insoluble carbon?) with apparently no impact on the results. Only reagents double-distilled in quartz or teflon sub-boilers were used. Abundances of both major and trace elements were analyzed using aliquots of the same mother solutions for all samples at the Institut Universitaire Européen de la Mer (IUEM), Plouzané.
The concentrations of Ti, Al, Cr, Fe, Mn, Mg, Ca, Na, P, Co and Ni were determined by ICP-AES (inductively coupled plasma-atomic emission spectrometry) using a Horiba Jobin Yvon Ultima 2 spectrometer following the procedure of Cotten et al. (1995) . Aliquots of mother solutions containing the equivalent of 50 mg of samples were used for the determination of the concentrations of these elements.
The concentrations of trace elements were determined by ICP-SFMS (inductively coupled plasma-sector field mass spectrometry) using a Thermo Element 2 spectrometer following the procedures described by Barrat et al. (2007 Barrat et al. ( , 2008 . Two aliquots of each mother solutions containing the equivalent of 15 mg of sample were weighted in dry screw-top Teflon vessels.
One was spiked with a solution of pure Tm, and the other not. After evaporation to dryness, the residues were taken up at 130°C with 5 drops of conc HNO 3 , and subsequently diluted with 15 ml of ultrapure water containing traces of HF, to ensure the stability in solution of high field strength elements (especially Nb and Ta). The solutions were transferred to vials and analyzed at least twice. The concentrations were determined using the unspiked solutions (determination of the Tm/Yb and Tm/Er ratios in order to calculate the Tm abundances) and the spiked solutions (all the other elements), following calculations adapted from Barrat et al. (1996) . Notice that the results obtained with the unspiked solutions were used to control the quality of the reported analyzes but were not averaged with the final results. Two procedural blanks were processed in parallel in each series of analyses. The contributions of the blanks were insignificant for all the elements.
The precision and the accuracy of the results were estimated using well characterized standards and sample duplicates. The results obtained for a series of standards (WS-E, JB2, BIR1) and for the Allende chondrite (USNM 3529, Jarosewich et al., 1987) are reported in Tables 2 to 4 . For ICP-AES results, the accuracy is better than 7 % for Na and P, and probably much better than 3 % for the other elements.
The trace element concentrations obtained by ICP-SFMS are given relative to our revised working values for the USGS basalt BHVO-2 (Table 3) , which are based on our own measurements and values from the literature (see Table 3 ). These working values are identical to those given by Barrat et al. (2007) , excepted for a few elements. Our previous working value for Cs is not correct, because it generates results which are systematically about 15 % higher than the recommended values for all the well-characterized rock standards, and thus has been corrected accordingly. For Zr, Hf, Nb, and Ta, we have adopted the values obtained by Pfänder et al. (2007) which are among the most accurate available at present for this group of elements. Finally, we have redetermined the W abundance in BHVO2 and our new results were significantly lower than our previous estimation by a factor of about 23 %, and indistinguishable of the W abundance determined in BHVO2g (a glass standard prepared with the BHVO2 powder) by isotope dilution (König et al., 2008) . In the event of future change to these BHVO-2 values, the data need only to be corrected by the ratio of the new and old values. Moreover, these working values can be used to evaluate possible interlaboratory bias.
A correction can be made accordingly if necessary. Table 4 . The relative standard deviations (RSD) for the six analyses are 9 % for W, 4 % for Pb and much less than 3 % for all the other elements. Again, the concentrations are in excellent agreement with literature data. This Allende powder is known to be heterogeneous for lead and the concentrations we obtained are in the range of the reported values (Jarosewich et al., 1987) .
The good reproducibility of our analyses is illustrated by the results obtained on the rare earth elements (REE). The Allende powder USNM 3529 displays an unusual REE pattern displaying a prominent Tm positive anomaly, and small negative Ce and Eu anomalies (Fig.   1 ). These unusual features are certainly inherited from some Ca, Al-rich inclusions which are frequent in Allende and display the same anomalies (e.g., McPherson, 2004) . Notice that the spread of our results is more restricted than the spread of the literature data (e.g., Jarosewich et al., 1987; Pourmand et al., 2011) . The powder could be slightly heterogeneous for the refractory elements. The fact that we dissolved more powder than most other analysts could explain the good reproducibility we achieved for the REEs.
Cu and Zn isotopes
The Zn and Cu isotopic composition were analyzed following the procedure described in Maréchal et al. (1999) and Moynier et al. (2010a and b) . Zn was first purified on AG1X8 anion-exchange resin in HBr/HNO 3 . Cu was further purified on AGMP-1 anion-exchange resin in HCl. For both Zn and Cu chemical purifications, the yield was found to be better than 99 % and the blanks of <10 ng for Zn and <5 ng for Cu are negligible (<0.05%) with respect to the total amounts of Zn and Cu in the samples, which are >20 µg. Isotopic ratios of Zn and Cu in all samples were analyzed with the MC-ICP-MS Thermo-Finnigan Neptune Plus at Washington University in St Louis as described in Herzog et al. (2009) 
Results
Major and trace elements
Orgueil At first glance, the six samples of Orgueil display a limited range of abundances for most major and trace elements (Tables 5 and 6 ). This is well shown by the relative standard deviations (RSD), which are around or below 5 % for most elements. Only four elements exhibit RSD > 10 %: Na (22 %), K (20 %), Rb (13 %), U (13 %). These variations are much larger than the analytical reproducibility, and can be explained by the heterogeneity of the meteorite at the 0.6-1 g scale. Indeed, Na and K concentrations, respectively determined by ICP-AES and ICP-SFMS, are strongly correlated (r = 0.990), and it can be noticed that our six samples display very similar Na/K ratios close to 8.6. In the case of Rb and U, the high RSD are due by sample ORG6, which displays Rb and U abundances significantly lower and higher respectively than the five other samples.
Elements displaying lower RSD, display ranges that could still reflect a real, although limited, heterogeneity of the meteorite. For example, Mn and P abundances range respectively from 0.178 to 0.210 wt% and from 0.094 to 0.108 wt% as determined by ICP-AES. These ranges were nicely confirmed by the ICP-SFMS analyses. Interestingly, the sample ORG6 is again significantly distinct from the other samples, and shows the lowest Zn abundance, and somewhat unusual REE abundances (slight LREE enrichment compared to the 5 other samples, Fig. 2 ). Similar light REE enrichments were recently observed in a few other Orgueil fragments much smaller in size by Pourmand et al. (2011) . In agreement with these authors, such a feature is more likely explained by a local redistribution of the REEs from phosphates (merrillite or apatite) by aqueous fluids on the CI-parent body. We thus consider the sample ORG6 as an outlier, and we have excluded it in the Orgueil average that we discuss in this paper. We will use this average composition for normalization purposes. It is in agreement with literature results for most elements (e.g., Kallemeyn and Wasson, 1981; Anders and Ebihara, 1982; Beer et al., 1984; Anders and Grevesse, 1989; Lodders et al., 1989) , and differences will be extensively described later.
Alais and Ivuna
Previous analyses obtained on these two chondrites have shown that their compositions are close to that of Orgueil (e.g., Kallemeyn and Wasson, 1981; Rocholl and Jochum, 1993; Lodders, 2003) . The results obtained here on Ivuna are in agreement with literature data, and are in the range defined by our five "normal" Orgueil samples for most elements, with the exception of K (Tables 5 and 6 ). The fragment of Alais analyzed here was small (327 mg), and probably not representative of the meteorite. Indeed, its composition deviates slightly from the other CIs, as shown by its unusual convex REE pattern (Fig. 2 ).
Cu and Zn isotopes
.
The Cu and Zn isotopic compositions of Orgueil and Ivuna have been previously determined by Luck et al. (2003 Luck et al. ( , 2005 . Because the sample of Orgueil used by these authors was an aliquot of the powder made with the anomalous chip ORG6 (see above), we analyzed our 8 samples of CI chondrites in order to refine the Zn and Cu isotopic composition of CI and detect possible heterogeneities. The results are in agreement with the previous studies ( Table 7) . The samples display narrow ranges of Cu and Zn isotopic compositions, including the Alais and ORG6, the two anomalous chips. These ranges are of the same order as the external reproducibility of the analyses for Zn isotopic compositions, and twice the external reproducibility for the δ 65 Cu values. Thus, all these data can be used to define an average CI composition (Table 7) .
Discussion
How heterogeneous is Orgueil really?
The heterogeneity of the CI-chondrites is well known for the major elements at the mm scale (e.g., Morlok et al., 2006) . Furthermore, trace element analyses made on samples smaller than 200 mg give results that can deviate substantially from canonical CIcompositions (e.g., Evensen et al., 1978; Ebihara et al., 1982; Rocholl and Jochum, 1993; Mittlefehldt, 2002; Pourmand et al., 2011) . Although the ranges of major and trace element abundances observed in this study are relatively narrow for most elements, the spread of concentrations displayed by some of them suggests that heterogeneity is still detectable using a series of ~ 0.5 -1g size samples prepared from different stones. Alternatively, it can be argued that the chips used in this study were all lower than the threshold mass for chemical heterogeneity of Orgueil. We are confident that the ranges obtained reflect a real heterogeneity among the different stones collected. If the limited spread shown by our data were explained solely by the size of the samples, we should observe variations for a number of elements whatever their geochemical behaviors (e.g., Mittlefehldt, 2002) . In fact, the elements exhibiting the highest relative standard deviations (Na, K, Rb, Cs, U) are notoriously known for their mobility with aqueous fluids. Thus, these ranges are more likely the result of the complex aqueous alteration suffered by the Orgueil parent body. Although some chemical variations can be detected in Orgueil, these heterogeneities are not strong and should not be overemphasized. Indeed, as pointed out by Lodders et al. (2009) , the secondary processes that this meteorite has suffered, must have been essentially isochemical on a cm-scale, otherwise its chemical composition, and certainly its Zn isotopic composition, which can be modified by aqueous alteration (Cloquet et al., 2011) , would be much more heterogeneous.
Cu and Zn isotopic compositions of CI chondrites
The lack of isotopic anomalies (i. ±0.10 in the present study).
Orgueil and the CI average composition
The vast majority of the chemical data available at present on CI chondrites were determined on Orgueil (e.g., Lodders, 2003; Lodders et al., 2009) . In view of the available masses of the 5 CI falls in the institutional collections, the situation will undoubtedly not change in the near future, unless a new large fall of this type is recovered. The average composition of the CI-chondrites has been calculated using a weighted average of all the CIchondrites (e.g., Lodders, 2003) or using only Orgueil (e.g., Palme and Beer, 1993) . Because the compositional differences among CI-chondrites are probably limited (e.g., Kallemeyn and Wasson, 1981; Lodders, 2003) , and because Orgueil is by far the most analyzed one, the two approaches converge to very similar results. Here, we will consider the average composition of Orgueil using the major and trace element abundances obtained on the five "regular" chips (ORG1 to ORG5). We will compare it with the CI-chondrite average calculated by Anders and Grevesse (1989) , one of the most used CI-chondrite averages, and with the values calculated by Lodders et al. (2009) , this time the most recently updated Orgueil composition (Table 8 ). The convergence of our average composition with both of these compositions is excellent, with differences less than ± 5 % for most of the elements (Fig. 4) . Thus, only a limited number of elements need to be discussed here.
Beryllium: This element has been rarely determined in CI chondrites (Vilcsek and Lohmann, 1978; Makishima and Nakamura, 2006 
Sodium and potassium:
The ranges displayed by the Na and K abundances in Orgueil are significant and reflect a real heterogeneity of the samples. The average reported in Table 5 has been calculated without an outlier (ORG6) that displays low K and Na abundances. It can be emphasized that the results are very close to those calculated by Lodders et al. (2009) based on a large compilation of literature data (n=20 for Na, n=17 for K). Although we believe these average compositions to be correct, it is possible that the results were slightly biased by the filtering of the data.
Aluminum and calcium: our Al and Ca concentrations are about 10 % lower than those obtained by Anders and Grevesse (1989) and Lodders et al. (2009) . We suspect a slight underestimation of the Al and Ca abundances during the course of our study. However, these differences are not highly significant.
Phosphorus:
The average abundance obtained for P is 1010 µg/g. It is in agreement with the XRF data of Wolf and Palme (2001) , and the ICP-MS data of Makishima and Nakamura (2006). The P abundance in CI chondrites given by Anders and Grevesse (1989) is overestimated (1220 µg/g) and should not be used in future studies. (Bollinger et al., 2011) were systematically overestimated due to a loss of these elements in one of our standard solutions).
Rare earth elements:
These elements received considerable attention during the last forty years, and the REE abundances in chondrites have been determined not only for cosmochemical purposes, but also for the normalization and presentation of geochemical data.
Many sets of chondritic values have been proposed, some of which became very popular in the geochemical literature. It is beyond the scope of our work to review and compare each reference chondrite and discuss how the concentrations have been measured and/or calculated. Here, we selected some of them (Evensen et al., 1978; Beer et al., 1984; Anders and Grevesse, 1989; Sun and McDonough, 1989; McDonough and Sun, 1995; Lodders et al., 2009; Pourmand et al., 2011) , and compare them with our Orgueil average in Figure 5 . The patterns show that the new Orgueil average is in good agreement with all these reference values. Interestingly, our average is analytically undistinguishable from the results obtained by isotope dilution on a "large" sample (> 3 g) of Orgueil (Beer et al., 1984) . The other chondrites (except for the values given by Sun and McDonough (1989) , which are largely derived from the previous analysis) appear somewhat slightly more light REE enriched, but this is at most marginally significant. More importantly, some scatter is apparent for monoisotopic REEs, which is explained by the fact that their concentrations are in most cases, an assemblage of results obtained by different methods, often on different samples. In any case, the use of each of these reference chondrites produces a REE pattern with a very similar shape, and the differences are subtle especially when a logarithmic scale is used.
Nevertheless, the use of the Anders and Grevesse (1989) 
Yttrium:
The Y/Ho ratio of Orgueil is well constrained and close to 27.6 (Table 6 ). This value is undistinguishable from that obtained in the course of our study on CM-chondrites (Y/Ho=27.5, RSD=0.9%, n=6), and on the terrestrial standards BIR-1 and BHVO-2 (respectively 27.8 and 27.6). These analyses confirm that terrestrial basalts and carbonaceous (Table 3 ). Thus, the W abundance in Orgueil is well determined here (0.11 µg/g), a value about 15 % higher than those reported in the compilations made by Anders and Grevesse (1989) Thorium and uranium: our average concentrations for these two elements are slightly lower than the values reported by Anders and Grevesse (1989) and Lodders et al. (2009). Rocholl and Jochum (1993) have shown that U and Th are heterogeneously distributed in CIs at a low scale, and that some small samples display a noticeable U enrichment. This enrichment could be explained by a local redistribution of U from phosphates by aqueous fluids. Although the databases used for the estimations of the abundances of U and Th were filtered to avoid the anomalous samples, the results could be slightly hampered by this redistribution. Nevertheless, the differences between our Orgueil average composition and the literature ones are very limited for both elements and should not be considered very significant.
Conclusions
( 1) It is well known from previous studies that Orgueil and other CI-chondrites are significantly heterogeneous at a scale of 100 mg (Morlok et al., 2006) . In this study, we
show that significant heterogeneity can occasionally be detected using chips ranging in mass from 0.6 to 1.2 g, particularly for elements mobile during aqueous alteration (alkali elements and U). This result is important because it is generally believed that Orgueil is rather homogeneous at this level of sampling. Thus, a single chip, even if its mass is in the order of 1 g, is not necessarily representative of this famous fall, nor of the CI-chondrite group.
(2) In our sampling, a 1 g chip was chemically distinct for many elements, including some refractory ones such the REEs. Despite this anomalous sample, no significant heterogeneity has been detected for Cu and Zn isotopes. Our results obtained on Orgueil and on two other falls give a definitive characterization of the CI-chondritic reservoir for these isotopes.
(3) The average chemical composition calculated with the "regular" Orgueil samples is very close to the previous estimates, which were calculated from a compilation of literature results. Although the agreement is excellent for most elements, our results show that only measured concentrations for W depart significantly from compiled values. We strongly recommend the use of our average composition for normalization purposes, because 1) it has been calculated using results obtained on "large" samples, and 2) the concentrations have been determined using the same sample digestions. (Anders and Grevesse, 1989 ; Lodders et al., 2009) normalized to the average Orgueil composition calculated in this study (Table 8) CI/CI (this study) Evensen et al. (1978) Pourmand et al. (2011) Beer et al. (1984) Figure 5. Selected CI chondrite reference compositions normalized to the average Orgueil composition calculated in this study (Table 8) 
